Crude oil transport is an essential task in oil and gas industries, where centrifugal pumps are extensively used. The design of a centrifugal pump involves a number of independent parameters which affect the pump performance. Altering some of the parameters within a realistic range improves pump performance and saves a significant amount of energy. The present research investigated the pump characteristics by modifying the number of blades and the exit blade-angles. Reynolds-Averaged Navier-Stokes equations with standard k-ε two-equation turbulence closure were used for steady and incompressible flow of crude oil through the pump. The experimental set-up was installed and the pump performance calculated numerically was compared with the experiments. The investigations showed that the number of blades and the exit blade-angles have a significant influence on the head, shaft power, and efficiency. The vortical flow structures, recirculation and reverse flow characteristics around the impeller were investigated to explain the flow dynamics of impeller and casing. A larger number of blades on the rotor showed dominant streamlined flow without any wake phenomena. The combined effect of the number of blades and exit blade angle has led to an increase in head and efficiency through the parametric optimization. 
Introduction
Transportation of crude oil is one of the major tasks of the E & P (exploration and production) companies and centrifugal pumps are extensively used for this application. These pumps transport liquids or mixtures of liquids having a wide range of viscosity and density (Bellary and Samad 2014; Srinivasan 2008 ). An impeller, a major part of the pump, transfers energy to the fluid and the fluid flow is characterized by diffusion, vortices, strong swirl, separation, reverse flow and recirculation (Tuzson 2000) . The centrifugal pump performance is dependent upon the impeller diameter, the width of the impeller, the number of blades (Z) mounted on the impeller, blade profile and inlet and the exit blade-angles (β) etc. (Srinivasan 2008; . Several researchers investigated the effects of various geometric parameters on the performance of centrifugal pumps. Geometric parameters should be altered carefully so that the basic design of the pump cannot be disturbed (Srinivasan 2008; Gulich 2010) . To do so, one has to change the shape of the impeller rather than changing the key dimensions. Proper design parameters and operating range selections are important to enhance the pump performance.
During the last few decades, the effects of geometric parameters on the pump performance have been extensively investigated. Kamimoto and Matsuoka (1956) investigated the internal flow mechanism experimentally and have shown 40% improvement in hydraulic efficiency of an impeller with 30º EBA. Varley (1961) reported that a higher β gives a higher head for a double suction centrifugal pump, but they skipped reporting the flow mechanism in detail. Aoki et al. (1987) and Ohta and Aoki (1996) have reported that higher β improves the performance of the pump with water as working fluid (Varley 1961) . Murakami et al. (1980) measured flow patterns in centrifugal pumps at both design and off-design conditions and concluded that the velocity and pressure distributions of seven-blade impeller coincide, whereas for three-blade impeller the deviation was large. Fard and Boyaghchi (2007) and Li (2011) reported similar works results on the centrifugal pump. Fard et al. (2012) investigated the effect of β for oil as working fluid, both experimentally and numerically, and showed that the increase of β improves the performance. Shigemitsu et al. (2011) investigated flow through a mini turbopump and the effects of β, and reported that the best efficiency point shifts towards higher values for higher β. Experiments on water and viscous oils show that the Z influenced the performance of oil pumps and their effects decreased as fluid viscosity increased (Li 2011) . Houlin et al. (2010) numerically investigated the flow characteristics of a centrifugal pump with different Z and compared their results with those of the experiments. An increase in Z leads to an increase of pressure fluctuations on the pressure side and on the whole diffuser vane surface (Feng et al. 2007) .
The experimental and numerical analysis show that Z affects the head generation (Rababa 2011; . Kim et al. (2014) performed design optimization of a centrifugal pump using CFD-based analysis and response surface method. The optimized design showed approximately 0.6% higher efficiency and 1.0 m higher head. Yan et al. (2017) redesigned a low efficiency and high vibration pump using CFD analysis. The redesigned pump showed about 3% higher efficiency than the baseline pump. Alemi et al. (2015) investigated volute geometry effects on the pump head, efficiency and radial force of a low-specific-speed pump. The authors concluded that the circular cross section volute casing with radial diffuser provides higher head and efficiency.
More often, industries transport fluids having high viscosities. Several researchers have reported the effect of viscosity on pump performance. Siddique et al. (2017) reported that the high viscosity skin-friction losses decreased with the increase of surface roughness. Bai et al. (2017) analyzed and compared the submersible pump head and efficiency to a different combination of number-of-blades of the impeller and diffuser vanes. Korkmaz et al. (2017) performed experiments on different blade angles and concluded that the impeller with less blade angle has superior performance as compared to that of large exit blade angle. The results revealed that the less number of impeller and diffuser vanes favored the rise in head and efficiency at the design point.
Although many researchers reported experimental and numerical investigations of the centrifugal pump with water as working fluid, there is a scarcity of deterministic literature on centrifugal pumps for crude oil transportation. In this study, the performance enhancement of a centrifugal pump and the effects of several design parameters have been investigated with detailed description for complex flow behavior, velocity, and pressure distributions. An attempt has been made to understand the combined effect of the blade numbers (Z) and the exit blade angle (β) for crude oil transportations.
Experimental and Numerical Model

Pump Facility, Experimental Setup and Test Conditions
The centrifugal pump used in this study to optimize the performance is shown in Fig. 1 . The pump has un-vanned single volute casing with circular cross section. The pump has a rotational speed of 1340 rpm (N) and a specific speed of 70 (Ns). The total head is 5.05 m (H) at the design point which is having a mass flow rate of ṁdes = 2.171 kg/s. The design parameters and test conditions are presented in Table 1 . The experimental set-up was installed in the Wave Energy and Fluids Engineering Laboratory of the Department of Ocean Engineering-IIT Madras (Fig. 2) . Two differential pressure gauges measured the pump suction and delivery pressure. A needle valve located between the pump outlet and flow meter regulated the flow and a flow meter measured the flow rate. A 3-phase DC-induction motor operated by a variable frequency drive, drove the pump at a constant speed (N=1340 rpm). The change in pressure at the suction and the delivery sides by adjusting flow control valves were recorded. A voltmeter and an ammeter gave the input power. The losses in the motor were considered to calculate the pump input power. The pump head was calculated by measuring pressures at the inlet (P1) and the outlet (P2), i.e.
Including slip factor, the pump head is estimated by the following relation (Japikse et al. 1997) ;
Where u is the peripheral velocity and cm is the meridional component of velocity at the exit due to slip. Wiesner (1967) related Z with slip factor as;
Hydraulic efficiency is given by;
Relationship between overall efficiency and hydraulic efficiency is given by;
Following relationship was used to calculate the input power to the pump by measuring input voltage and current including motor losses;
where, E and I are the applied voltage and current to the motor. The output power was determined by the formula;
Then, the pump efficiency was determined by the relationship; 
Numerical Model
In the present study, Reynolds-Averaged Navier-Stokes (RANS) equations were solved for the incompressible and steady-state flow using a Computational Fluid Dynamics (CFD) solver and k-ε turbulence closure model was used (ANSYS Solver Theory 2010). The impeller and casing geometries, having dimensions given in Table 1 , were constructed in BladeGenv13 and CATIA-v5, respectively. These geometries were assembled in a design modeler. It was meshed with unstructured grids in ANSYS Turbogrid as shown in Fig. 3 . Table 2 shows the number of nodes, elements, boundary conditions, and the convergence criteria. The flow was simulated at various design and off-design points. Although the mesh was not resolved finely for boundary layer capturing, it provided reasonably accurate results for the overall pump performance characteristics. At the impeller leading and trailing edges, near the blade surface and in the volute casing, fine meshes were applied. A fine mesh on the blade surface captures flow behavior more accurately and helps achieving linear velocity distribution in the viscous sublayer. The RANS equations can be written in tensor form as;
Here, turbulent viscosity is modeled by the k-ε model (turbulence model) as;
The equations for turbulent kinetic energy and dissipation rate can be written as;
Here,
The values of the closing constants are Cμ=0. 09, Cε1=1.44, Cε2=1.92, σk=1 .0 and σε=1.3.
The k-ε turbulence closure model uses the scalable wall-function to improve the robustness and accuracy. The scalable wall function allows solution on arbitrarily fine near wall grids, which is a significant improvement over standard wall functions (ANSYS Solver Theory 2010; Husain et al. 2013) . It allows consistent mesh refinement and remains accurate for a fairly wide range of y+ values. The solver employs a Multigrid approach which solves the hydrodynamic equations for velocity and pressure (u, v, w, p) as a single system and uses a fully implicit discretization of the equations for a given time step. Also, it uses a MultiGrid accelerated Incomplete Lower Upper factorization technique for solving the discrete system of linearized equations.
Results and Discussion
The grid dependency of the numerical scheme was checked before carrying out CFD analysis. The reference parameter for the grid analysis was the pump head at the design conditions. The pump head showed asymptotic behavior with an increase of node numbers as shown in Fig. 4 . Once the number of nodes reached a value of ~150,000, it affected the head generation insignificantly. The convergence criterion for the iterative solutions was a maximum residual of 10 -5 . Several turbulence closure models are available and their suitability depends upon CFD applications. Bradshaw (1966) reported that the turbulence selection model depends upon: a) the physical nature of the problem, b) the quality of attained results and c) the computing power. In spite of this, the traditional RANS analysis with k-ε or k-ω is widely used and satisfactory results are obtained. Two turbulence closure models, namely k-ε and SST, were compared for their performances at design point under similar conditions in this problem. Experimental results produced 5.05 m head at the best efficiency point. The head produced by using k-ε and SST turbulence models are 5.42 and 5.95m, respectively (Fig. 5) . The k-ε with scalable wall function produced the least error (6.8%) and was chosen for further analysis.
The computations were carried out at several flow rates ie. at design and off-design conditions of water and crude oil, gave reasonably accurate results as compared to the experimental ones. At the design and off-design points, the calculated heads were overestimated by 6.8% and 4.8% as compared to those of the experimental results, respectively. Qualitatively, the present results satisfy the accuracy level as reported in the literature (Gupta et al. 2011; Patel and Ramakrishnan 2006) , and the discrepancies reported by (Gulich 2010) . Both experiments and simulations were performed with several flow rates at 1340 rpm. Oil industries handle different fluids with varying viscosities. In the present investigation, two fluids, namely, water and crude oil, which have the crude oil then the water. The decrease in the efficiency and head was caused by the high viscosity, which gives high disc friction losses over the impeller shroud and hub as obvious from Eq. (4). These results in Fig. 6 are in good agreement with the available literature of Gulich (2010) and Li (2000) which represents variation in efficiency (η) and head with flow rate. The pump shows the maximum efficiency (η) at the design-point, at which hydraulic losses, profile losses, and the secondary losses are minimum. On the contrary, at all other points (off-design points) shock losses and secondary losses increase, resulting into higher hydraulic losses and decrease in hydraulic efficiency, which consequently results in a decrease in overall efficiency. At the low flow rates, reverse flow and inlet recirculation are prominent and they increase with a further reduction in flow rate. The results for water as working fluid showed higher values of head and efficiency than that of crude oil (Fig. 6) .
The flow characteristics of crude oil as a fluid medium were investigated in detail through velocity, vorticity and pressure distribution on several x-y planes. Fig. 7 shows vorticity distribution on x-y planes in the axial direction (z-direction) in the middle of the impeller at z = 30mm. In general, higher vorticity distributions are present near the inner and outer rings of the impeller, though smaller Z exhibited higher vorticity towards outer rings. With the increase of Z higher vorticity regions were developed near the inner ring due to the increasing boundary layer effects. An increase in β reduced the vorticity distribution near the inner ring as shown in Fig. 8 .
Higher fluid velocity regions appeared towards the impeller outer ring because of the higher radial distance as shown in Fig. 9 . The velocity increases suddenly as the fluid moves into the volute casing. While moving into the volute casing, the kinetic energy changed into pressure energy, which consequently increased static pressure of the fluid as shown in Fig. 10 . Figure 11 represents the CFD characteristics of the pump head and efficiency with the change of Z and β at the designed flow rate. It is clearly reflected that the pump head decreased with increasing volume flow rate due to a decrease in liquid pressure drop. In addition, the pump head increased with increasing Z. This can be explained by the fact that when the volume flow rate was kept constant, an increase in Z leads to decrease in liquid pressure drop, which consequently increases the pump head. Also, impeller outlet velocity was increased and the velocity distribution became smoother with an increase in Z and converted into highpressure energy through impeller-volute. The effective area of interest at impeller-volute intersection became more obvious which improved the discharge capability of the pump and consequently higher head was generated. With the increase in Z, the flow within the impeller becomes more uniform and reduces the hydraulic losses due to mixing fluid particles. The uniform flow suppresses jet growth and wake phenomena. In addition, smooth pressure and velocity distribution were observed near the impeller exit and volute inlet as shown in Fig. 9 and 10 . Hence, the pump efficiency was increased.
The impeller with large β resulted in an increase of head generation. It is due to increase in absolute flow velocity at exit (c2) and corresponding peripheral velocity (cu2) ie. dynamic part of the head. Eq. (2) clearly, indicates the impact of the two design parameters cm/u2 and β2 on the head. An increase in β2 reduced the cm/u2 and as a result, the manometric head increased. Additionally, the influence of slip factor has to be considered. Slip factor value decreases with an increase in exit blade angle and partly curtails the effect of β (Bacharoudis et al. 2008) . As a total effect, any increase in β results in an increase of head generation. The change in slip factor value affects the shape of the H-Q curve and more significantly for β greater than 25 o (Bacharoudis et al. 2008) . It is evident from Eq. (3) that the higher Z facilitates an increase in slip factor and consequently head augmentation. The hydraulic losses at design point differ by a small amount from off-design conditions; a measure of hydraulic efficiency is directly linked with hydraulic losses. The overall efficiency decreases due to a decrease of hydraulic efficiency. Moreover, the pump brake horsepower increases due to the augmentation in β and Z. This is due to the increase in the requested shaft torque associated with the increased β (Djerroud et al. 2011) . The effect of β on the pump performance used for crude oil was explored through CFD for the change of flow rate as shown in Fig. 12 . Once the Z (which is 8) was frozen, the β was altered from 30°-50°. Similar trends were observed in which an increase in β has augmented the head generation significantly. Any increase in β always leads to broader outlet cross sections (Li 2011; Djerroud et al. 2011) which results in a fall of fluid pressure loss and consequently the head is augmented. It is observed that any increase in β has a substantial influence on the hydraulic efficiency, which increased continuously until the design point is reached. At the off-design point, an increase in β does not increase much of the hydraulic efficiency, instead, decreases due to several losses (Srinivasan 2008) . 
Conclusion
The centrifugal pump performance investigation and optimization has been carried out for water and crude oil as working fluids at the design and off-design flow rates by experimental and numerical analysis techniques. Several combinations of exit bladeangles (β) and number of blades (Z) were investigated for the parametric optimization. On the basis of the present study, the following conclusions can be derived;
• The increase in Z has a significant influence on the head and efficiency of the pump for both water and crude oil. The distribution of vortices was more uniform with less magnitude near the impeller inlet and its distribution increased randomly with high magnitude near impeller exit for high Z. With less Z the vortices became prominent and more obvious near the impeller outlet.
• Due to non-mixing of fluid particles at higher Z, jet wake phenomenon is absent and more streamlined flow was achieved which has contributed in head augmentation.
• The β has a considerable influence on the head and pump efficiency for different viscosity liquids. An increase in β increases the pump efficiency until it reached a maximum rate at the design point. At off-design points, an increase in β decreases its efficiency because of increased hydraulic losses. Higher viscosity liquid or crude oil has a lower head generation at the same β because of disc friction, shock and secondary losses.
• Combined effect of increase in β and Z increases head generation with negligible increase in hydraulic efficiency.
